Teeth form as appendages of the ectoderm and their morphogenesis is regulated by tissue interactions mediated by networks of conserved signal pathways. Micro-RNA (miRNA) pathway has emerged as important regulator of various aspects of embryonic development, but its function in odontogenesis has not been elucidated. We show that the expression of RNAi pathway effectors is dynamic during tooth morphogenesis and differentiation of dental cells. Based on microarray profiling we selected 8 miRNAs expressed during morphogenesis and 7 miRNAs in the incisor cervical loop containing the stem cell niche. These miRNAs were mainly expressed in the dental epithelium. Conditional deletion of Dicer-1 in the epithelium (Dcr K14−/− ) resulted in rather mild but significant aberrations in tooth shape and enamel formation. The cusp patterns of the Dcr K14−/− molar crowns resembled the patterns of both ancestral muroid rodents and mouse mutants with modulated signal pathways. In the Dcr K14−/− incisors, longitudinal grooves formed on the labial surface and these were shown to result from ectopic budding of the progenitor epithelium in the cervical loop. In addition, ameloblast differentiation was impaired and resulted in deficient enamel formation in molars and incisors. To help the identification of candidate target genes of the selected tooth enriched miRNAs, we constructed a new ectodermal organ oriented database, miRTooth. The predicted targets of the selected miRNAs included several components of the main morphogenetic signal pathways regulating tooth development. Based on our findings we suggest that miRNAs modulate tooth morphogenesis largely by fine tuning conserved signaling networks and that miRNAs may have played important roles during tooth evolution.
Introduction
The development of ectodermal organs such as scales, feathers, hairs, glands and teeth, is regulated by a complex dialog between and within epithelial and mesenchymal tissues (Dhouailly, 1977; Thesleff et al., 1995; Wu et al., 2004) . The proper patterning and morphogenesis of these ectodermal organs depends on a delicate balance of signaling pathways such as Wnt, BMP, FGF, Shh and Notch, which regulates cell identity and behavior e.g. proliferation, differentiation, migration and stemness (Fuchs et al., 2004; Lin et al., 2006; Tummers and Thesleff, 2009; Wang et al., 2007; Michon et al., 2008) .
The molecular features of the dynamic signaling networks regulating tooth morphogenesis are known in considerable detail , and the consequences of modifying the levels of signaling have been demonstrated in loss-and gain-offunction mouse models. In particular, the numbers of teeth and the shapes of the molar crowns and their cusp patterns are affected by tinkering with the BMP and Wnt pathways (Kassai et al., 2005; Munne et al., 2009; Järvinen et al., 2006) . In addition, the fine tuning of BMP, TGF-beta and FGF signaling pathways in the stem cell niche of the continuously growing mouse incisor affects dramatically the size, hard tissue and symmetry of the incisor (Wang et al., 2004 (Wang et al., , 2007 Klein et al., 2008) . It has become apparent that the delicate balance of the conserved signal pathways is important for all aspects of tooth formation .
Micro-RNAs (miRNAs) represent a novel class of regulators with important functions in embryogenesis and morphogenesis, and there is increasing evidence that they may influence development through the modulation of the main morphogenetic signal pathways (Miska, 2005; Martello et al., 2007; Shi and Jin, 2009 ). The miRNAs are short, non-coding RNAs involved in post-transcriptional regulation of messenger RNAs (Singh et al., 2008) . The processing of miRNAs requires two RNases, Drosha in the nucleus and Dicer-1 in the cytoplasm. The mature miRNAs are recruited by the co-factors Argonaute (Ago-1 to -4 in mammals) and GW-182 for the formation of the RNA-induced silencing complex (RISC) targeting the 3′UTR of mRNAs (MacRae et al., 2008; Takimoto et al., 2009 ). This complex drives the targeted mRNAs to cytoplasmic processing bodies (Pbodies), which contain the Staufen proteins (Stau-1 and -2) (Ferrandon et al., 1997; Barbee et al., 2006) , where the translation is inhibited (Eulalio et al., 2008) . It was recently shown that Ago-1 and Ago-2 take part in different mechanisms for translational repression (Iwasaki et al., 2009 ). Ago-1 shortens the polyA tail, whereas Ago-2 can compete in cap binding with the translation initiation factors Developmental Biology 340 (2010) 
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Developmental Biology j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / d e v e l o p m e n t a l b i o l o g y EIF4E and F, and they function in both miRNA and siRNA pathways (Okamura et al., 2004) . Ago-3 has been mainly associated to the piRNA pathway and transposon silencing (Kirino et al., 2009) . Ago-4 function is still poorly understood, but it can localize in the P-bodies and interacts with GW-182 (Lazzaretti et al., 2009 ). The consequences of inhibited miRNA processing have been studied by conditional deletion of Dicer-1 in various contexts (Harfe et al., 2005; Yi et al., 2006; Andl et al., 2006) . Whereas the complete deletion of Dicer-1 is lethal at 7.5 days of development (E7.5) in the mouse embryo (Bernstein et al., 2003) , the overexpression of Dicer-1 enhances the RNAi-mediated gene silencing (Mikuma et al., 2004) , indicating that the efficiency of the miRNA pathway is related to the level of Dicer-1 expression. miRNAs have been shown to regulate the development of ectodermal organs, such as skin morphogenesis (Yi et al., 2006; Yi et al., 2008) , hair cycling (Andl et al., 2006) , and mammary gland formation (Silveri et al., 2006) . Jevnaker and Osmundsen (2008) compared the miRNA profiles of murine molar, liver and salivary gland from the embryonic stage E15.5 to new born and in the 25 days postnatal (25 dpn) mice, but no functional data on the roles of miRNAs in tooth morphogenesis have been reported.
Our aim was to examine the significance of miRNAs for tooth morphogenesis and cell differentiation as well as for the regulation of the stem cell niche in incisors. We followed the dynamics of RNAi pathway effectors and searched for tooth and stage enriched miRNAs by microarray profiling in incisors and molars during bud stage (E13), crown morphogenesis (E16) and cell differentiation (E18), and compared these to whisker pad and skin at the same stages. Tooth and stage enriched miRNAs were selected and they were shown to be mainly expressed in the dental epithelium. Epithelial Dicer-1 deletion caused alterations of epithelial morphogenesis which resulted in aberrant molar cusp patterns and grooves on the labial incisor surface. In addition, ameloblast differentiation was impaired, resulting in deficient enamel formation in incisors and molars. Predicted targets of the selected miRNAs were identified by the constructed database, miRTooth, and they included factors involved in the main morphogenetic signaling pathways regulating tooth development. These findings together with the apparent resemblance between the dental phenotypes of the Dicer KO and some mutant mice with modulated signaling pathways led us to suggest roles for miRNAs in the fine tuning of the signal networks regulating tooth morphogenesis, cell differentiation, and stem cell regulation, and we also speculate that our results may reflect roles of miRNAs in evolution of tooth morphology.
Material and methods

Animals
K14-Cre transgenic mice (Huelsken et al., 2001) , were used as controls. Mice were genotyped by PCR as previously described (Huelsken et al., 2001; Harfe et al., 2005) . The age of the embryos was determined by the day of appearance of the vaginal plug (E0) and confirmed by morphological criteria.
RNA extraction and quantitative real time RT-PCR (qRT-PCR)
Tissues were dissected in PBS, 5 mM EDTA under stereomicroscope and kept in RNAlater (Qiagen) at −80°C. RNA extraction was performed with Trizol (Sigma-Aldrich), followed by further cleaning with RNA Mini kit (Qiagen) and quantification with a Nanodrop™ spectrophotometer. cDNA synthesis using 300 ng of total RNAs was carried out with the SuperScript III kit and oligo-dT primers (Invitrogen), and quantitative PCR was performed as described earlier (James et al., 2006) . Primer sequences used for PCR were the following: Drosha-F: GGACCATCACGAAGGACACTTG, Drosha-R: GATGTA-CAGCGCTGCGATAA. Dicer1-F: GGATGCGATGTGCTATCTGGA, Dicer1-R: TTGCACACGGAGCAGTGC. Ago1-F: GAAGACGCCAGTGTATGCTGAA, Ago1-R: ATCTTGAGGCAGAGGTTGGACA. Ago2-F: GCCGTCCTTCCCAC-TACCAC, Ago2-R: GGTATTGACACAGAGCGTGTGC. Ago3-F: GATAGTGT-GAAGGACGGCTGGT, Ago3-R: TTGGAAGAAGCGGCAACATC. Ago4-F: GACTGCCTTCCGCACTGTCA, Ago4-R: ACACGCTCCGTCTCCATTCC. Staufen1-F: TAGGGGAAGGAGAAGGGAAA, Staufen1-R: TTCATCCCTTGGC-CATAATC. Staufen2-F: ACAAGCTGCCAGACACAATG. Staufen2-R: TTCAGCGCAATCTCAAACAC. GW182-F: AGCCTTCTACTCCAGCCACA, GW182-R: GGCCCAGATTTGCTTAATGA. Actin-F: CAGAAGGAGAT-TACTGCTCTGGCT, Actin-R: TACTCCTGCTTGCTGATCCACATC.
The results (n = 6) were obtained from biological triplicates, and normalized to Actin expression.
Micro-RNA microarray experiment and analysis
Biological triplicates for each tissue were analyzed. RNA quality and concentration was monitored using a 2100 Bioanalyzer (Agilent Technologies). RNAs were processed and hybridized by Exiqon A/S (Denmark) on miRCURY™ LNA array v.9.2 and v.11.0. Data were analyzed by Exiqon A/S in order to create the heat map (Eisen et al., 1998) . The miRNAs with a p-value below 0.01 were chosen for further analysis.
In situ hybridization analysis of miRNA expression Embryonic lower jaws were fixed in 4% PFA and processed for paraffin sections as previously described (Mustonen et al., 2004) . Sagittal paraffin sections of 7 µm were processed for LNA-DIG in situ hybridization as previously described (Wienholds et al., 2005) . The negative control for the LNA-DIG in situ hybridization was performed with a scramble probe and exhibited no specific background. All the LNA probe sequences can be found on the Exiqon website (www. exiqon.com).
Histology and immunohistochemistry staining
Lower jaws from mouse embryos, postnatal mice and adults (E18-120 dpn) were dissected in Dulbecco's phosphate-buffered saline with 5 mM EDTA, and fixed with 4% paraformaldehyde at + 4°C overnight. They were decalcified in Morse's solution (24 h to 2 weeks) at +4°C. They were then dehydrated, paraffin-embedded and serially sectioned at 7 µm. Deparaffinized sections were immunostained with the Ultravision detection system (Thermo Fisher Scientific, USA). Anti-phospho-Histone 3 (Ab5176, 1:500; Abcam, UK) and anti-ZEB1 (H-102, 1:3000; Santa Cruz Biotechnology, USA) antibodies were used and blocked with goat serum in 0.01% BSA. For normal histology, the sections were counterstained with hematoxylin and eosin and processed to 3D reconstructions of the epithelial shape as previously described (Munne et al., 2009 ).
Scanning electron microscopy (SEM)
Mouse skulls were boiled and the soft tissues removed with forceps and brushes. After 2 days of drying at room temperature, the lower jaws were coated with platinum and scanned with the Zeiss DSM 962 electron microscope.
Micro computed tomography (micro-CT)
The teeth from boiled skulls were processed in the BioMater Centre (Kuopio, Finland). The pixel size was 5 µm.
miRTooth database design
The bite-it database (http://bite-it.helsinki.fi) was used as the source of genes expressed during tooth development. The miRBase Target 5.0, the TargetScanHuman 5.0, and the miRNAMap 2.0 databases were used as predictive tools to associate miRNAs to each target gene found in the bite-it database. Both information sets were collected in a single Microsoft Excel file.
Results
Expression of RNAi pathway effectors during odontogenesis
To characterize the role of miRNA-mediated silencing during tooth development, we first analyzed the expression of 9 genes involved in the miRNA pathway with qRT-PCR. The analyzed genes included Drosha and Dicer-1, involved in miRNA processing; Ago-1 to -4 and GW-182, key effectors of the RISC complex; the two genes encoding Staufen proteins (Stau-1 and -2), contained in the P-bodies. Total RNA samples were collected from bud (E13) and crown morphogenesis stage (E16) incisors and molars. At the cytodifferentiation stage (E18), total RNA was extracted separately from the cervical loop area of the incisor (including the epithelial stem cell niche and progenitor cells) and from the neighboring cytodifferentiation zone where the odontoblasts and ameloblasts differentiate and produce the dental hard tissues, dentin and enamel, respectively. The stages of tooth morphogenesis are presented schematically in Fig. S1 .
The qRT-PCR analysis indicated an increase in the relative expression of Drosha and Dicer-1 from the bud (E13) to the crown morphogenesis stage (E16) in the incisor and molar (Fig. 1A ). In the E18 incisor, the expression of Drosha and Dicer-1 was higher in the cervical loop area as compared to the neighboring area undergoing cell differentiation. Similar dynamics of expression were observed for the components of RISC and P-bodies (Fig. 1B) , with the exception of Ago-4 which exhibited a decrease in expression from E13 to E16. Ago-2 was the most abundantly expressed RISC factor during odontogenesis and it has been shown to be mainly involved in the miRNA pathway (Okamura et al., 2004) .
In conclusion, the key effectors of the RNAi pathway were dynamically regulated during odontogenesis, with an increase during crown morphogenesis, decrease during advanced differentiation, and a remaining high expression in the cervical loop area of the incisor including the epithelial stem and progenitor cells.
Expression of miRNAs during tooth development
In order to determine the dynamics of miRNA expression during tooth formation, we performed a microarray analysis and compared the expression of different miRNAs in E13 and E16 molar and incisor, E18 whole incisor, E13 whisker pad (hair bud stage), and E16 back skin (hair and epidermal morphogenesis). The heat map analysis ( Fig. S2 ) revealed tissue clustering during morphogenesis and cell differentiation (E16 and E18) and a specific miRNA profile at each stage, whereas the E13 tooth and whisker pad tissues had similar profiles. Based on the microarray analysis, 8 miRNAs with tooth and stage specific profiles were selected for further analysis (Fig. S3) . As a selection criterion, the results with a p-value between 0.001 and 0.01 were chosen, whereas the heat map was made from the results with a p-value below 0.001. The miR-140, miR-31, miR-875-5p and miR-141 were expressed mainly during tooth morphogenesis (E16), whereas miR-689, miR-720, miR-711 and miR-455 were prevalent at the cytodifferentiation stage (E18). The miR-203, which was earlier associated with epidermal morphogenesis (Andl et al., 2006; Yi et al., 2006 Yi et al., , 2008 was used as a control. A qPCR analysis (data not shown) confirmed the expression of host genes of the chosen intragenic miRNAs (miR-140, miR-875-5p, miR-141, miR-689-2, miR-711 and miR-455) during tooth development (Table S1) .
We next localized the expression of the 8 selected miRNAs by in situ hybridization in E16 and E18 incisors and molars ( Fig. 2; Fig. S1 ). Expression of all miRNAs was detected in tissue sections of developing teeth and interestingly, they were almost exclusively restricted to epithelial tissue (Table S2) . They were expressed in all cell types in the epithelial enamel organ, including the outer and inner dental epithelia, the stellate reticulum, and stratum intermedium. However, none of the 8 chosen miRNAs were expressed in the core of the cervical loop where the epithelial stem cells are thought to reside (Harada et al., 1999) . This was particularly evident for miR-720, which was intensely expressed in the ameloblast cell lineage from the progenitors to secretory ameloblasts at the tip of the E18 incisor, but was not detected in the core of the cervical loop (Fig. 2G) . Another interesting observation was that miR-689 was excluded from the enamel knots in the E18 molar (Fig. 2E) . The in situ hybridization with control scramble probe was negative (data not shown).
Deletion of Dicer-1 function in dental epithelium causes aberrations in crown morphogenesis and enamel formation in molars
To investigate the role of the miRNA pathway in dental epithelium, we conditionally knocked out Dicer-1 in the epithelium with a Cre recombinase expressed under the K14 promoter (Dcr K14−/− ). The recombinase activity is detectable in the epithelium at E12.5, i.e. after the initiation of budding, but prior to crown morphogenesis .
Histological frontal sections of the Dcr K14−/− lower jaw at E18 revealed subtle morphological changes in the shape of the first molar (Figs. 3A and B). At 5 dpn, prominent foldings were observed in the inner enamel epithelium on lateral aspects of the forming crown (Figs. 3C and D) (n = 3/3). In addition, aberrations were observed at the interface between the ameloblasts and the enamel matrix. Whereas the control mouse exhibited at 5 dpn a smooth surface of deposited enamel matrix, the surface in the Dcr K14−/− molars was wavy due to varying thickness of the enamel matrix (Figs. 3C-F). The morphology of the ameloblasts was perturbed at the sites of impaired enamel matrix formation, and the layer of polarized and secretory ameloblasts was locally disorganized (Figs. 3D and F) (n = 6/6). At 90 dpn, the SEM analysis of the fully erupted molar crowns indicated that the Dcr K14−/− first and second molars were smaller than the littermate controls, and irregularities were observed in the morphology of the occlusal as well as lateral surfaces of the crown (n = 5/5). In occlusal view, the reduced antero-posterior dimensions of the Dcr K14−/− molars were obvious, and the distances between the anteroconids and metaconids of both the first and the second molars were smaller than in control mice (Figs. 3G and H). The epithelial foldings seen at 5 dpn had apparently led to the formation of a marked cingulid on the lingual side of the tooth (black arrow in Fig. 3H ). Interestingly, the cingulid is a structure which is reduced in the molars of mouse, but prominent in many other rodents. The cusp patterning showed obvious alterations: the anteroconid which is normally composed of two asymmetric cusps on the anterior part of the molar M1 (arrows in Fig. 3G ) had switched to two symmetric cusps comparable to the protoconid and metaconid cusps (Fig. 3H) . Moreover, the hypoconid of the molar M2 was fused to the entoconid, and the hypoconulid has disappeared (Fig. S4) , and the entoconid and hypoconid cusps of the molar M3 had fused (Figs. 3G and H). The lateral view (Figs. 3I and J) revealed perturbed morphology of the first molar cusps as the anteroconid and entoconid cusps were smaller, intercuspal furrows were shallower (white arrows) and the angle of the metaconid cusp had switched from 55°t o 46°(dotted lines) and the hypoconulid was taller (stars). In addition, the surface of the enamel was irregular as compared to the control (black arrows) reflecting the varying enamel thickness observed at 5 dpn (Fig. 3F) .
Dicer-1 function is required in incisors for limiting the epithelial progenitor cell population and for normal ameloblast differentiation and function
The incisor phenotype of the Dcr K14−/− mutant embryos and postnatal mice was analyzed from serial frontal sections cut from the stem cell niche through the progenitor cell area to the differentiated and secretory ameloblasts (Fig. 4) .
At E18 the progenitor region appeared similar in the control and the Dcr K14−/− incisor (Figs. 4A and B) . However, more apically, in the area where ameloblasts had differentiated at the labial aspect, the epithelium was irregular and wavy resembling the observations in the molars (Figs. 4C and D) (n = 3/3). The sections of the corresponding areas at 5 dpn indicated more severe changes in the dental epithelium (Figs. 4E-H ). In the progenitor area of the Dcr K14−/− incisor the inner enamel epithelium had formed buds into the dental mesenchyme (n = 6/6). The 3D reconstructions from this area revealed several prominent invaginations of the dental epithelium into the mesenchymal papilla (Fig. 5) . When the serial sections were followed towards the apical area, one of these invaginations was seen to extend all the way to the area of differentiated ameloblasts. Apparently, this fold had originated at an earlier stage and the epithelium which had migrated apically and differentiated to ameloblasts had retained the folded configuration. The phospho-Histone 3 labeling of proliferating cells at 5 dpn revealed an increase of proliferation in the epithelium in the progenitor area of the Dcr K14−/− incisor as compared to the control (Figs. 4I and J) (n = 3/3). Proliferating cells were observed also in the area of differentiated cells in the Dcr K14−/− incisor whereas in the control incisor, no proliferating cells remained among the differentiated ameloblasts (Figs. 4K and L) . We conclude that the invaginations were formed through increased cell proliferation in the dental epithelium. The incisors were examined macroscopically at later postnatal stages during their continuous growth and the enamel surface was observed by scanning electron microscopy (SEM). No obvious differences were noted in the growth rate, thickness or length between the Dcr K14−/− and control incisors. However, longitudinal grooves were detected on the labial surface of the incisors at 25 dpn (n = 4/4) and 90 dpn (n =6/ 6). The SEM observation revealed several parallel longitudinal grooves of variable depth and length in all Dcr K14−/− incisors (Figs. 6A-F) and higher magnifications also revealed defects in enamel microstructure (Fig. 6D) . The surface was bumpy and wavy as in the molars, and in addition the surface appeared porous indicating a possible incomplete maturation of the enamel (Fig. 6D) . The histological sections of 25 dpn (n = 3/3) and 120 dpn (n = 3/3) incisors indicated that the folded configuration of the epithelium at the progenitor stage had been retained during the apical migration and differentiation of the epithelium and during deposition of enamel and dentin. Thus the grooves seen in SEM were not limited to enamel but involved also dentin , miR-140 is expressed in the oral epithelium, dental lamina, stratum intermedium and stellate reticulum of the molar. (B-D) miR-31, miR-875-5p and miR-141 are co-expressed in the dental lamina, stellate reticulum and stratum intermedium of the incisor. (E) At E18, miR-689 is expressed in the molar dental lamina, oral epithelium, stellate reticulum, stratum intermedium, outer and inner enamel epithelia and the ameloblasts, but not in the enamel knot (ek). In the incisor, (F) miR-711 is expressed in the oral epithelium, stellate reticulum, ameloblasts and odontoblasts, and (G) miR-720 in the stellate reticulum, stratum intermedium, pre-odontoblasts, pre-ameloblasts, odontoblasts and ameloblasts, but not in the core of the cervical loop (arrow). (H) miR-455 is detected in the dental lamina, stellate reticulum and stratum intermedium of the incisor. am: ameloblast; dl: dental lamina; ek: enamel knot; iee: inner enamel epithelium; ling cl: lingual cervical loop; M: molar; od: odontoblast; oe: oral epithelium; pre-a: pre-ameloblast; sc: stem cells; sr-si: stellate reticulum-stratum intermedium. Scale bars: 100 µm. (Figs. 6G-J; Fig. S5 ). The late stages showed even more drastic phenotypes, and at 120 dpn, a dentin spike was seen coming through the differentiated epithelium and forming a channel from the mesenchymal papilla to the outside of the tooth ( Fig. 6J; Fig. S5B ). The Dcr K14−/− incisor phenotype seemed to become more dramatic with time, apparently resulting from the increased formation of epithelial invaginations in the progenitor area during advancing regeneration of the tooth.
The miRNA-200 family is expressed in the incisor labial cervical loop epithelium
In order to understand the function of miRNA in the formation of epithelial invaginations we determined the miRNA profile of the cervical loop area by microarray analysis. miRNA expression was compared between the labial cervical loop containing the stem cell niche and the total basal part of the incisor at 5 dpn, and a distinct clustering of the samples was detected (Fig. 7) . The labial cervical loop expressed mainly miRNAs in the miR-200 family (miR-429, miR-200a, miR-200b and miR-200c) and miR-31, whereas the total basal part (containing mainly mesenchymal cells), expressed miR-652 and miR-365. The miR-200 family regulates the E-cadherin transcriptional repressors ZEB1 and ZEB2 during epithelial mesenchymal transition (Table S3 ). The ZEBs appeared as good candidates for miRNA targets in the incisors as well because the epithelial invaginations in the Dcr K14−/− mutant may have resulted from perturbed epithelial cell adhesion via E-cadherin. We therefore analyzed the expression of ZEB1 in the progenitor region. In wild type 5 dpn incisor the ZEB1 protein was found in the dental mesenchyme but was not expressed in the epithelial cells. The epithelial Dicer-1 knock-out did not change this expression pattern indicating that ZEB1 was not the target of the miR-200 family in the developing incisor (data not shown).
Construction of a new miRNA database, miRTooth, and identification of candidate targets for the selected miRNAs
In order to help the search for potential targets of different miRNAs in odontogenesis and tooth renewal, we decided to compile a new database called miRTooth. This new database combines information from three miRNA target prediction databases and the gene expression database bite-it (http://bite-it.helsinki.fi) (Nieminen et al., 1998) .
The 317 genes found in the bite-it database are involved in tooth development, and their functions are largely conserved in other ectodermal organs (Pispa and Thesleff, 2003; Dhouailly, 2009 ). The miRNA target prediction databases included the miRBase Target 5.0 (Enright et al., 2003; Griffiths-Jones, 2006 , the TargetScanHuman 5.1 (Lewis et al., 2005; Grimson et al., 2007; Friedman et al., 2009) , and the miRNAMap 2.0 (Rehmsmeier et al., 2004; Hsu et al., 2006) . A recent study ranked the prediction algorithms used in these databases among the most efficient ones (Bandyopadhyay and Mitra, 2009) .
The miRTooth database presents three worksheets in one file each representing one miRNA database (Fig. 8) . The left part is derived from the bite-it database. The first column lists the 317 genes present in the bite-it database, with each gene linked to its bite-it webpage. The 7 neighboring columns on the right summarize the expression of the gene during the various stages of tooth development. The right part of the worksheet is dedicated to the miRNA database information. The first column presents the gene name with a link to its dedicated webpage. The neighboring columns show the predicted miRNAs targeting the gene and a link to their webpage. The miRTooth database therefore allows searches for a specific gene or a specific miRNA and elucidates the predicted target genes during odontogenesis. MiRTooth is downloadable on the bite-it website.
We subsequently used the miRTooth database to find the predicted targets for the selected eight miRNAs expressed during embryonic odontogenesis and the seven miRNAs enriched in the cervical loop of the postnatal incisor. We selected the predicted targets which were present in at least two miRNA databases (miRBase, TargetScan or MiRNAMap). The results are summarized in Tables 1 and 2 . Dlx5 was used as a positive control of miRTooth since it was identified as a predicted target for miR-141, and was recently demonstrated as its real target in pre-osteoblast differentiation (Itoh et al., 2009) . The use of the miRTooth database allowed a marked reduction in the number of predicted targets: we found 4 predicted targets associated to miR-720 whereas the miRBase presented 780 predicted targets. Among the predicted targets of the selected miRNAs, several genes are associated with signaling pathways including Notch, FGF, Wnt, and TGFβ, and with the extracellular matrix.
Discussion
High RNAi pathway activity and epithelial miRNA expression are associated with tooth morphogenesis
We have shown that the RNAi pathway is developmentally regulated during tooth morphogenesis, that miRNAs are differentially (Fig. 4) revealed the length and the size of the epithelial invaginations. The projection from the transversal (90°) to the frontal (0°) views show the extension of the invaginations (yellow stars) from the progenitor region to the area of differentiated cells.
expressed spatiotemporally, and that miRNAs regulate tooth morphogenesis as well as cell differentiation and enamel formation. These findings are in line with earlier demonstrations that the RNAi pathway exhibits important regulatory functions in various developmental events (Shi and Jin, 2009 ). In particular, we detected increased expression of Ago-2 and Dicer-1 from the bud to the crown morphogenesis stage and in the E18 incisor cervical loop indicating increased miRNA pathway activity (Adam et al., 2009; Mikuma et al., 2004) . The miRNA profiling also showed that the proportion of tooth enriched miRNAs increased between these stages.
The miRNAs which were selected for further analysis based on enrichment during crown morphogenesis and cell differentiation were mainly expressed in the dental epithelium. Preferential epithelial expression of miRNAs was earlier reported also during hair formation and cycling (Andl et al., 2006; Yi et al., 2006) . The epithelial compartment of the developing tooth is composed of several different cell types which together form the enamel organ. Most of the selected miRNAs were prominently expressed in the stellate reticulum and stratum intermedium cells, which have functions in tooth crown morphogenesis and ameloblast differentiation (Dassule et al., 2000 ; . Frontal sections of 120 dpn Dcr K14−/− mutant reveals highly folded epithelium in the progenitor region (G-H). In the differentiated area, the formation of a dentine tube is observed on the lingual side (upper arrow in J) surrounding some epithelial cells and a hole on the labial side has created a communication between the epithelial layer and the mesenchymal tooth pulp (lower arrow). de: dentin; en: enamel. Scale bars: 25 dpn, 200 µm; 90 dpn, 500 µm; and 120 dpn, 200 µm. Barron et al., 2008 ; our own unpublished data). Interestingly, miRNA expression was lower in the putative epithelial stem cells of the incisor than in the rest of the dental epithelium.
Epithelial miRNAs regulate molar crown morphogenesis and cusp patterning
The deletion of Dicer-1 function in the epithelium of the developing molars resulted in mild but significant malformations of the tooth crown shape. A prominent cingulid (a small shelf on the lingual surface of the crown) was present in the mutant molars and it apparently resulted from the enlarged epithelial folds observed in the enamel organ epithelium during morphogenesis. In addition, the cusp pattern was modified in the anterior part of the Dcr K14−/− first molar tooth crown, called the anteroconid.
The cusp patterning of the molar crown is regulated by the enamel knot signaling centers and there is evidence that the species-specific molar cusp patterns are determined by a delicate balance of activators and inhibitors regulating the proliferation and differentiation of the epithelium (Jernvall et al., 2000; Salazar-Ciudad and Jernvall, 2002) . Interestingly, a similar symmetrical anteroconid pattern as seen in the Dcr K14−/− mice has been reported in mice with modulated signal pathway activity. Such mouse lines include Sostdc-1 (Ectodin) and Spry-2 KO mice and K14-Eda transgenic mice Kassai et al., 2005; Klein et al., 2006) . Hence, it is reasonable to suggest that the miRNA pathway targets genes associated with the signaling networks. Indeed, the expression patterns of some selected miRNAs and their predicted targets found with the miRTooth database were in line with roles in cusp patterning. Axin2, expressed in the enamel knot, was a predicted target of miR-689 which was excluded from the enamel knot and could thus restrict Axin2 expression to the enamel knot. In addition, Noggin, Spry-2 and ROR2 which modulate BMP, FGF and Wnt signaling, respectively, are predicted targets of the miRNAs expressed in dental epithelium. However, the observed Dcr K14−/− mutant phenotype could have also resulted from the lack of nontissue specific miRNAs, which were not included in our analysis.
The proliferation of epithelial progenitors in the incisor cervical loop is modulated by miRNAs
The incisors of Dcr K14−/− mutants exhibited longitudinal grooves on their anterior surfaces and these were shown to result from buds in the progenitor dental epithelium in the cervical loop area. The buds apparently resulted from increased proliferation of epithelium since we detected more dividing cells in the epithelium of Dcr K14−/− incisor than in the control littermates. Our results are in line with previously reported skin phenotype of the Dcr K14−/− mice showing normal hair morphogenesis but a disorganization of the epidermis after the stem cell activation (Andl et al., 2006) . Moreover, miRNAs have been shown to regulate the differentiation of embryonic and adult stem cells (Gangaraju and Lin, 2009 ). The proliferation of epithelial progenitors in the mouse incisor is regulated by a delicate balance of stimulatory and inhibitory signals. FGFs and Activin have been identified as stimulators, and BMPs as inhibitors of epithelial cell proliferation in the cervical loop of mouse incisors (Harada et al., 1999; Plikus et al., 2005; Wang et al., 2007) . Thus, overexpression of the BMP inhibitor Noggin as well as the deletion of the FGF inhibitors Spry-2 and Spry-3 result in stimulated cell proliferation in the cervical loop epithelium contributing to extensive growth of the incisor Klein et al., 2008) . Curiously, exogenous Activin induces ectopic budding in cultured cervical loop epithelium which closely resembles the Dcr K14−/− phenotype (Wang et al., 2007) . Since the miRTooth database revealed Spry-2 as a target of miR-720 and miR-652, and Noggin as a target of miR-200b, miR-200c and miR-429, it is tempting to speculate that miRNAs function in fine tuning of signal pathway activities during incisor renewal.
Epithelial miRNAs are required for normal ameloblast differentiation and enamel formation
Aberrations in enamel formation were obvious in the Dcr K14−/− incisors as well as molars. The surface of the forming enamel matrix was wavy and irregular reflecting variations in enamel thickness. This apparently resulted from defects in the secretion of enamel matrix by the ameloblasts and indeed, the structure of individual ameloblasts was affected particularly at sites of impaired enamel matrix deposition. In addition, the surface of the mineralized enamel in the erupted teeth of Dcr K14−/− mutants was porous. This is usually taken as a sign of defects in enamel maturation which is regulated by ameloblasts during the final stage of enamel formation (Nanci, 2003) . The molecules regulating ameloblast differentiation and function include BMPs, which are produced by the dental mesenchyme and induce ameloblast differentiation (Wang et al., 2004) , and Shh which is derived from the stratum intermedium and regulates the secretory function and polarization of ameloblasts (Dassule et al., 2000) . In Fig. 8 . The miRTooth1.0 database. The three worksheets (miRBase Target 5.0, TargetScan 5.1 and miRNAMap 2.0) of the miRTooth database were divided in two parts. The left part was dedicated to the bite-it gene expression database (http://bite-it.helsinki.fi/) and each gene was linked to its webpage. The right part was dedicated to the predicted target database where each gene and each miRNA was linked to its own webpage. addition, Nectin-mediated formation of cellular junctions between ameloblasts and stratum intermedium cells is required for the functions of secretory and maturation stage ameloblasts (Barron et al., 2008 ; our own unpublished data). Thus, the miRNAs may regulate signaling pathways as well as cell adhesion during enamel formation.
Conclusions
The tooth phenotype of the Dcr K14−/− mice suggests that the absence of epithelial miRNA function does not affect dramatically either tooth morphogenesis or renewal. As the recombinase activity of the K14-Cre line used in this study is activated during the bud stage of molar and incisor morphogenesis , Dicer-1 and presumably miRNA activity was absent in the tooth epithelium during the development of the molar crown, regeneration of the incisor, as well as ameloblast differentiation and enamel formation. However, an earlier expression would be required to reveal the role of miRNAs during the initiation of molars and incisors.
The tooth phenotype of the Dcr K14−/− mice was remarkably mild when compared to mice in which various signal pathways have been inactivated or stimulated in dental epithelium (Dassule et al., 2000; Millar et al., 2003; Järvinen et al., 2006; Wang et al., 2004 Wang et al., , 2007 . This may be explained by the robustness of the genetic signaling network regulating odontogenesis (Wang et al., 2007; Salazar-Ciudad and Jernvall, 2002 ) and a more subtle fine tuning role of the miRNAs in morphogenetic regulation. New miRNAs appeared in vertebrates during evolution (Peterson et al., 2009) , and it can be speculated that the miRNAs have been important for the generation of variation in tooth pattern, number, size and shape. The shapes of teeth have evolved from simple conical teeth in fish to complex multicusped teeth in mammals, and continuous tooth replacement has reduced into one or no replacements in mammals. In this context, our finding that the cusp pattern of the Dcr K14−/− mutant resembled that of a typical, evolutionarily less derived morphology found in many muroid rodents, such as the field mouse is intriguing (Fig. S6) . It can be speculated that miRNA function may have contributed to the evolution of species-specific cusp patterns of mammalian teeth. It is interesting to notice that miR-652, miR-689 and miR-720 have been found only in mammalian The miR-31 targets are detailed in the Table 1. genomes, whereas the other selected tooth enriched miRNAs are present also in fish and reptile genomes.
